By integrating microbial fuel cells (MFCs) into constructed wetlands (CWs) the need and cost of building a reactor are eliminated, while CWs provide the simultaneous redox conditions required for optimum MFC performance. Two single-stage MFC-CWs, with dewatered alum sludge cake as the main wetland medium for enhanced phosphorus removal, were operated to determine the effects of electrode separation and flow regimes on power production and wastewater treatment. When the anode is buried and the cathode is at the air-water interface the system is inhibited by a large ohmic resistance resulting from the increased electrode separation. By placing the cathode directly above the anode and operating the system with simultaneous upflow into the anode and downflow into the cathode the ohmic resistance is reduced. The chemical oxygen demand (COD) removal efficiency was, however, reduced to 64% (compared with 79%). A two-stage system was subsequently run for fuller wastewater treatment and increased power production. The results indicate that a two-stage MFC-CW can increase the normalized energy recovery and improve removal efficiencies of COD, total nitrogen, NH 4 þ , total phosphorus and reactive phosphorus to 93 ± 1.7%, 85 ± 5.2%, 90 ± 5.4%, 98 ± 5.3% and 99 ± 2.9%, respectively.
INTRODUCTION
Microbial fuel cells (MFCs) capture the electrons released during the oxidation of organics to produce an electrical current. To function efficiently the anode compartment of MFCs must remain anaerobic, while freely available oxygen at the cathode will combine with protons and electrons to complete the circuit (Logan et al. ) . In a flooded wetland system anaerobic and aerobic conditions exist throughout the bed depth. Near the surface, aerobic conditions are likely to prevail; oxygen intrusion from the atmosphere in tandem with oxygen leakage from the rhizosphere of wetland plants should supply enough dissolved oxygen to sustain cathodic reactions, while increasing depth and water saturation will ensure anaerobic conditions in the wetland bed (Yadav ) . The stratified redox conditions that exist may be exploited by incorporating an anode in the anaerobic section and a cathode in the aerobic section thereby creating an in situ, non-destructive MFC (Yadav ) .
By integrating MFC technology into a constructed wetland (CW), Yadav et al. () were able to enhance dye removal from a synthetic wastewater while producing 15.7 mW/m 2 of electrical power. Similarly, in an MFC-CW developed by Fang et al. () , the electrodes promoted dye decolourization while producing a power density (PD) of 0.302 W/m 3 of anode working volume. Zhao et al. () developed a continuous upflow MFC-CW to treat real wastewater and produced a PD of 9.4 mW/m 2 of anode surface area. Villasenor et al. () investigated the ability of a horizontal subsurface flow MFC-CW to concomitantly treat wastewater while producing electricity, and achieved a maximum PD of 0.15 mW/m 2 of anode surface area while removing between 80 and 100% of chemical oxygen demand (COD). The wastewater treatment performance of CWs is maintained (Zhao et al. ) and even improved (Fang et al. ) when MFC technology is integrated into the wetland.
Based on the preliminary investigation by Zhao et al. () , this study aims to advance MFC-CWs by determining the optimum configuration to improve the power output while maintaining the wastewater treatment capacity, by investigating the effects of flow direction and electrode spacing. In addition, a two-stage MFC-CW is operated to improve both the wastewater treatment performance and normalized energy recovery (NER) of the system.
EXPERIMENTAL SETUP

MFC-CW setup and operation
Two MFC-CWs, 0.7 m in height with a square cross-section of 0.17 × 0.17 m, were built and operated as shown in Figure 1 . Operation 1 is two single-stage MFC-CWs while operation 2 is a two-stage system. Each system contained 8.8 ± 0.21 kg of dewatered alum sludgewhich has been shown to have a high affinity for phosphorus and can significantly enhance wastewater treatment by adsorbing phosphorus from aqueous solution (Zhao et al. )with an average particle size of 15-30 mm. The electrodes were constructed by packing granular graphite (diameter 8-13 mm) around three graphite rod current collectors (diameter 10 mm, length 160 mm) which were connected to an external resistance of 950 Ω during the single-stage operation and 300 Ω during the two-stage operation. Both the anode and the cathode had liquid volumes of 1.1 ± 0.09 L while the total liquid volume of each of the four MFC-CWs was 8.1 ± 0.12 L.
In regime 1 the anode was buried at a depth of 310-410 mm with a 10 mm layer of glass wool separating it from the cathode placed directly above. In regime 2 the anode was buried at a depth of 310-410 mm while a 210 mm layer of alum sludge separated it from the cathode at the air-water boundary. No glass wool was used in regime 2. Regime 1 was operated with a continuous simultaneous upflow-downflow regime while a continuous upflow was applied to regime 2. During the two-stage operation the effluent from regime 1 was fed into regime 2. Both columns were planted with the common reed, Phragmites australis, before being wrapped in black plastic to prevent algae growth. Prior to the experimental start-up the anodes of both MFC-CWs were inoculated with anaerobic digestion sludge sourced from Ringsend Wastewater Treatment Plant, Dublin, Ireland, for a period of 2 weeks. Similarly the cathodes were inoculated with surplus activated sludge from the same plant to promote the development of a biocathode.
Swine wastewater and treatment analysis
Both single-stage MFC-CWs had a hydraulic retention time of 1 day and so treated 8.1 L of swine wastewater daily and flow rates were maintained during the two-stage operation. The raw wastewater was collected from Lyons Farm, County. Dublin. The swine wastewater was diluted by a factor of 50 with tap water before being fed to the MFC-CWs. During the single-stage operation, influent COD concentrations varied from 411 to 854 mg/L with average total nitrogen (TN), ammonium (NH 4 þ ), total phosphorus (TP) and reactive phosphorus (RP) concentrations of 63 ± 7.5 mg/L, 40 ± 5.3 mg/L, 8.9 ± 2.1 mg/L and 6.2 ± 1.5 mg/L, respectively. During the two-stage operation, influent COD concentrations varied from 359 to 760 mg/L with average TN, NH 4 þ , TP and RP concentrations of 59 ± 7.2 mg/L, 38 ± 4.8 mg/L, 8.3 ± 1.9 mg/L and 6.1 ± 1.9 mg/L, respectively.
The wastewater treatment performance of the MFC-CWs was determined by taking daily measurements of COD, TN, nitrite (NO 2 À ), nitrate (NO 3 À ), NH 4 þ , TP, RP and soluble reactive phosphorus (SRP) of both the influent and effluent. COD, NH 4 þ , NO 2 À , NO 3 À and RP were analyzed using a Hach DR/2400 spectrophotometer according to its standard operating procedures. In addition, SRP was determined by filtering influent and effluent samples through a 0.45 μm membrane filter and determining the RP concentration of the filtrate. TP and TN were determined using the ascorbic method and the persulfate method, respectively, according to Standard Methods (APHA/AWWA/ WEF ). Dissolved oxygen (DO) was monitored with a microprocessor oximeter (Oxi 325, WTW).
RESULTS AND DISCUSSION
Wastewater treatment capacity of MFC-CW
During the single-stage operation both MFC-CW systems were continuously fed with the same influent swine wastewater for a total of 90 days. The influent COD varied from a maximum of 854 mg/L to a minimum of 411 mg/L with average concentrations of 583 ± 92 mg/L. The wastewater treatment performance of the two MFC-CWs is summarized in Table 1 . Despite the fluctuating COD loading both MFC-CWs returned predictable effluents with low standard deviations. The simultaneous upward and downward flow of regime 1 limited the COD removal efficiency. Under the anaerobic upflow conditions COD removal efficiencies were limited to between 55 and 58% in the lower region of the wetland, while the downflow regime removed between 74 and 80%. When these outflows mixed in the final effluent a total average COD removal efficiency of 64% was achieved. Total nitrogen removal was dissimilar in regimes 1 and 2 with removal efficiencies of 58 ± 3.1% and 48 ± 3.9%, respectively. The simultaneous upflow-downflow regime resulted in an increased supply of oxygen in the upper region of the wetlandprovided by the plant roots and atmospheric dissolutionand so an increase in the ammonium removal efficiency from 55% in regime 2 to 75% in regime 1. Influent ammonium concentrations of 40 ± 5.3 mg/L were reduced to 10 ± 2.0 mg/L in the effluent of regime 1 and met with an increase in nitrate from 0.05 ± 0.1 mg/L to 15.1 ± 2.3 mgL. Using alum sludge as the primary wetland medium in both systems enabled the MFC-CWs to remove phosphorus from the wastewater. Under phosphorus loading rates of 2.49 ± 0.60 g-TP/m 2 d, 1.74 ± 0.43 g-RP/m 2 d and 1.15 ± 0.37 g-SRP/m 2 d, removal efficiencies of 85-86%, 89-90% and 88-89% were achieved for TP, RP and SRP, respectively. Encouragingly the MFC-CWs responded to fluctuating loading of RP; as the loading of RP increased, its removal increased linearly, with R 2 ¼ 0.996. Similarly, the removal of SRP increased with increasing RP loading and efficiencies remained above 80% during the testing period.
When regimes 1 and 2 were set to run in series, during operation 2, the wastewater treatment performance of both individual units was maintained with the cumulative effect of fuller wastewater treatment as indicated in Table 1 and Figure 2 . In the two-stage system 62 ± 4.8% of COD was removed in the first stage while the second stage removed a further 81 ± 3.8% of the COD in the effluent of stage 1 for a combined COD removal efficiency of 93 ± 1.7%.
In addition, while the systems were operating as standalone MFC-CWs, regime 1 was limited in denitrification and produced a highly nitrified effluent (15.1 ± 2.3 mg NO 3À /L). Conversely regime 2 was limited in nitrification and removed only 55% of NH 4 þ . When the systems were combined and run in series during operation 2, the downflow regime of stage 1 enhanced the removal of NH 4 þ and the production of nitrates and nitrites which were then removed in stage 2 with efficiencies of 81 ± 5.7% and 98 ± 4.2%, respectively. The use of alum sludge as the primary wetland medium again allowed high removal efficiencies of TP and RP. With the individual stages displaying similar performances to the standalone MFC-CWs total removal efficiencies for the twostage system had average values of 98 ± 5.3% and 99 ± 2.9% for TP and RP, respectively. 
Functioning as MFC for electricity generation
The electrical performance of the systems were monitored by taking daily voltage readings across the external resistors and performing basic calculations as described by Zhao et al. () . In addition, the NER of the MFC-CWsthe amount of energy produced per kg of COD removedwas determined as described by Ge et al. () .
After the 50th day of operation regimes 1 and 2 approached a steady-state condition and produced average voltages of 0.434 ± 0.014 V and 0.307 ± 0.012 V, respectively. The average voltage produced by regime 1 was 41% higher than that of regime 2 during the single-stage operation. The reduced spacing between the electrodes appears to be of crucial importance to the production of power in MFC-CWs as has been identified in studies of MFCs (Cheng et al. ; Fan et al. ) .
After the 90th day of operation polarization curves (Figure 3) were attained by varying the external resistance from 500,000 Ω to 1 Ω and measuring the steady-state voltage across the resistors. The curves reveal that ohmic losses were the most important factor affecting the performance of regime 2, resulting from the current collectors having a separation of 310 mm.
In regime 1 the electrode separation was brought to a minimum and the ohmic resistance was reduced by 60% while the downflow regime was able to provide sufficient oxygen (1.8-3.9 mg/L) to sustain reduction reactions at the cathode. However, under higher organic and ammonium loading rates at the top of the MFC-CW the efficiency of the cathode is reduced by encouraging the growth of heterotrophic microorganisms and nitrifiers and reducing the amount of DO available for reduction at the electrode and so the current producible by the system. When COD concentrations above 150 mg/L arrived at the cathode between days 12 and 17 the MFC-CW produced an average current density of 0.311 A/m 3 of anode working volume compared with an average of 0.438 A/m 3 after day 50 when COD at the cathode remained below 94 mg/L.
The internal resistance of the MFC-CW was determined from the linear region of the polarization curve (Logan et al. ) and estimated to be 280 Ω for regime 1. Since the maximum PD is achieved when the applied external resistance is equal to the internal resistance (Pinto et al. ) , the external resistances of the two-stage system were changed to 300 Ω to optimize the performance of the MFC-CW. This resulted in a decrease in the operating voltage of the system but an increase in both the current density and the PD. Both stages continuously supplied electrical power during the 103 days of operation with average current densities of 0.86 ± 0.15 A/m 3 and 0.810 ± 0.15 A/m 3 and average power densities of 0.25 ± 0.07 W/m 3 and 0.22 ± 0.06 W/m 3 for stages 1 and 2, respectively ( Table 2) .
The switch in external resistance resulted in an increase in operating PD and NER of 42% and 64%, respectively, in the simultaneous upflow-downflow MFC-CW. However, in the continuous upflow regime, the change in external resistance occurred at the same time as the switch to the two-stage operation and a corresponding increase in operating PD and NER of 220% and 649%, respectively (Figure 4) .
MFCs are more suitable for, and operate more efficiently in terms of NER when, treating low strength wastewaters (Ge et al. ) . The average COD entering the second stage (the effluent of the first stage) was 37% that of the initial influent to the first stage. In addition, an increase in the proportion of soluble COD allows the anode to perform more efficiently (Min et al. ; Arends et al. ) . The ratio of soluble COD entering the second stage was increased from 63% of total COD in the first stage to 87% of total COD in the second. Finally, Figure 4) are an order of magnitude lower than those achieved for MFCs treating industrial wastewaters, two orders of magnitude lower than MFCs treating domestic wastewater (Ge et al. ) and three orders of magnitude lower than the theoretical energy content of COD oxidation to carbon dioxide and water (McCarthy et al. ). However, it is important to note that the comparatively low NER values for MFC-CWs, compared with pure MFC studies (Ge et al. ) , may be attributed to the fact that the entire column of the MFC-CW is contributing to the removal of COD from the wastewater while electrons from the degradation of the organics are only utilized for power production in the anode compartment which, in this case, accounts for only 13.6% of the total liquid volume.
In the second stage of the two-stage MFC-CW 28 ± 12 mg/ L of COD was removed in the anode section, resulting in an NER of 28.4 ± 3.8 Wh/kg COD which is more in line with those of MFCs treating real wastewaters.
CONCLUSIONS
The ability of the MFC-CW to produce electrical power while simultaneously treating wastewater has been further elucidated. By operating a two-stage system, removal efficiencies of 93 ± 1.7%, 85 ± 5.2%, 90 ± 5.4%, 98 ± 5.3% and 99 ± 2.9% are achievable for COD, TN, NH 4 þ , TP and RP, respectively. In addition, the efficiency of electricity generation is increased in the second stage since it is supplied with a lower concentration of organics and a higher ratio of soluble COD.
